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IE0 is the only known baculovirus protein that is produced by splicing. In this study, we have explored the role of Autographa californica
multiple nucleopolyhedrovirus (AcMNPV) IE0 and its interaction with IE1 in the activation of very late gene expression from the polyhedrin
promoter using transient assays. IE0 is co-expressed with IE1 throughout infection up to late times post-infection (p.i.) but shows peak levels
of expression at early times. Significant changes in the ratios of the relative levels of IE0 to IE1 were observed throughout the course of
infection. To study IE0 in the absence of IE1, we constructed a plasmid pAc-IE0M!A that expressed only IE0. This was due to a mutation of
the internal AUG that prevented translation of IE1 from the ie0 mRNA. Both IE0 and IE0M!A were able to replace IE1 in transient assays,
showing that IE0 is functional for very late gene activation and should be considered the 20th late gene expression factor (lef ). In transient
assays, IE0 showed that maximum very late gene expression is achieved at very low relative levels of protein. In contrast, IE1 requires higher
levels of protein to obtain maximum very late gene expression. Furthermore, when the levels of IE0 become too high, very late gene
expression rapidly declines. Interestingly, co-expression of IE0 and IE1 results in a mutually antagonistic affect on very late gene expression.
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Autographa californica multiple nucleopolyhedrovirus
(AcMNPV) is the most intensively studied member of the
baculoviridae (Ayres et al., 1994; Blissard and Rohrmann,
1990). The 134 kbp circular DNA genome of AcMNPV is
predicted to contain 154 open reading frames (ORFs) of at
least 150 or more nucleotides. Baculovirus gene expression
occurs in three phases; early, late, and very late. Each phase
is dependent on viral or cellular factors expressed or present
in the previous phase. Late gene expression occurs concom-
itantly with, or after, the onset of viral DNA replication and
requires a virally encoded RNA polymerase (Lu et al., 1997;
Rice and Miller, 1986; Thiem and Miller, 1989).
Using transient assays, 19 baculovirus genes have been
identified being either essential or stimulatory for late gene0042-6822/$ - see front matter D 2004 Published by Elsevier Inc.
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Canada K2H 8P9.expression and have been called late expression factors (lefs)
(Li et al., 1999; Rapp et al., 1998). In addition to late gene
expression, the majority of the lef genes are involved in other
processes during infection. Five lefs have been shown to be
required in transient viral DNA replication assays in Sf21
cells (Kool et al., 1994; Lu and Miller, 1995), including ie1
(transcription factor, binds origin of replication) (Choi and
Guarino, 1995a; Guarino and Dong, 1991; Pathakamuri and
Theilmann, 2002; Rodems et al., 1997), lef-1 (primase)
(Barrett et al., 1996; Evans et al., 1997), lef-2 (primase-
associated factor) (Mikhailov and Rohrmann, 2002; Passar-
elli and Miller, 1993), lef-3 (single-stranded DNA binding
protein) (Hang et al., 1995), and p143 (helicase) (Lu and
Carstens, 1991; Tomalski et al., 1988). Recently, lef-11 has
been reported to be essential for DNA replication in virus-
infected Sf9 cells (Lin and Blissard, 2002b). In addition, four
lef genes were reported to be stimulatory for DNA replica-
tion: dnapol (DNA polymerase) (Lu and Miller, 1995), ie2
(transcriptional factor and cell cycle arrest gene) (Carson et
al., 1988, 1991; Prikhod’ko and Miller, 1998), pe38 (tran-
scription factor and possible ubiquitin ligase) (Imai et al.,
2003), and p35 (apoptosis inhibitor) (Clem et al., 1991).
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shown to copurify with the viral late RNA polymerase
(Guarino et al., 1998). Low sequence homology with
vaccinia virus RNA polymerase was identified for lef-6
and has been shown to accelerate late gene transcription
(Lin and Blissard, 2002a; Passarelli and Miller, 1994).
Guarino et al. (2002) suggested that lef-5 may play a role
as initiation factor. The lef gene pp31 is a phosphoprotein
associated with the virogenic stroma (Fraser, 1986; Guar-
ino et al., 1992; Okano et al., 1999; Wilson and Price,
1988) and hcf-1 is required for hr-dependent DNA repli-
cation in TN-368 cells (Lu and Miller, 1995, 1996). The
functions for lef-7 and lef-10, however, remain unknown.
AcMNPV IE1 is a multifunctional transcription factor
that is required for late gene expression, and in addition is
also essential for DNA replication, enhancer-dependent and
independent transcription and negative gene regulation
(Blissard et al., 1992; Choi and Guarino, 1995b; Guarino
and Summers, 1986a, 1986b, 1988; Passarelli and Miller,
1993; Pathakamuri and Theilmann, 2002; Rodems and
Friesen, 1995; Theilmann and Stewart, 1991). Detailed
analysis of AcMNPV and Orgyia pseudotsugata MNPV
(OpMNPV) IE1 identified the following functional
domains: N-terminal acidic activation domain, required for
both transcription and replication; basic domain I, essential
for enhancer binding; a second acidic domain, also poten-
tially involved in activation of transcription; a DNA binding
domain; basic domain II, required for nuclear entry; and an
oligomerization domain (Olson et al., 2002, 2003; Pathaka-
muri and Theilmann, 2002; Rodems et al., 1997; Slack and
Blissard, 1997).
The ie1 locus is the only baculovirus gene that is known
to produce a second protein, IE0, due to splicing. The
AcMNPV ie0 mRNA initiates from the ie0-exon0 promoter
located 4344 bp upstream of the IE1 transcriptional start
site. A total of 189 nucleotides from exon0 are spliced to the
5V end of the ie1 mRNA resulting in a 2.1 kb ie0 transcript
(Chisholm and Henner, 1988; Kovacs et al., 1991a, 1991b).
Transcription of ie0 occurs at early times post-infection
(p.i.), peaking at 4 h p.i. followed by a decline to lower
steady state levels that remain detectable up to very late
times p.i. In contrast, transcription of ie1 also initiates at
very early times p.i., but continuously increases in steady
state levels until very late times p.i.
Translation of ie0 mRNA produces a 72 kDa protein,
comprised of the entire IE1 protein and an additional 54
amino acids fused to the N-terminus. The additional 54
amino acids include 38 amino acids from EXON0 and 16
amino acids from the region immediately upstream of the
ie1 ORF (Chisholm and Henner, 1988). Theilmann et al.
(2001) recently showed that a 66 kDa protein was translated
from the ie0 mRNA in addition to the predicted 72 kDa IE0.
This smaller protein was identified as IE1, which was
initiated from the internal ie1 start codon. The exact
function of IE0 is still unknown; however, several previous
studies have suggested different roles for IE0 and IE1during infection (Lu et al., 2003; Pearson and Rohrmann,
1997; Theilmann et al., 2001).
In this study, we used transient very late gene expres-
sion assays to investigate the role of IE0 in comparison to
IE1 in the activation of very late gene expression. Expres-
sion of AcMNPV IE0 and IE1 was analyzed during
infection and showed significant changes in the relative
levels of these two regulatory proteins. We investigated
how the varying levels of IE0 to IE1 can influence the
level of very late gene expression. Our results indicate that
AcMNPV IE0 is functional for the activation of very late
gene expression and should be considered as the 20th LEF.
Surprisingly, however, IE0 and IE1 were found to be
mutually antagonistic for the activation of very late gene
expression.Results
IE1 and IE0 expression and their relative ratios during the
life cycle of AcMNPV
Previous Northern blot and primer extension analyses
have described the transcription pattern of ie1 and ie0
during AcMNPV infection (Choi and Guarino, 1995b;
Kovacs et al., 1991a, 1991b; Lu et al., 2003). However,
the relative protein levels of IE1 and IE0 throughout the
course of infection have not been well characterized.
Therefore, a time course analysis was performed using
protein samples prepared from Sf9 cells infected with
AcMNPV at 0, 2, 4, 8, 12, 24, and 48 h p.i. (Fig. 1A).
The 72 kDa IE0 had maximum steady state levels of
expression at 4 h p.i., followed by a slow decrease to low
but detectable levels until at least 48 h p.i. Expression of
IE1 initiated at 2 h p.i. and increased in steady state levels
up to very late times p.i. Densiometric analysis of the
relative levels of IE0 and IE1 (Fig. 1B) shows that at early
times before the initiation of replication (2 and 4 h p.i.), IE0
is expressed at higher or equal levels than IE1. After the
onset of replication, IE1 becomes the dominant protein such
that by 48 h p.i., IE1 is 12-fold more abundant than IE0.
These results clearly show that IE0 is observed at all stages
during the virus infection but the levels relative to IE1
change dramatically.
IE0 activation of AcMNPV very late gene expression
To examine the role of AcMNPV IE0 in very late gene
expression, a plasmid clone (pAc-IE0) was constructed
expressing IE0 under control of ie0 promoter (Fig. 2C).
Recent studies performed in our laboratory demonstrated
that translation of ie0 mRNA produces both IE0 and IE1
(Theilmann et al., 2001). Transfection of pAc-IE0 also
resulted in the translation of both IE0 and IE1 (Fig. 2D).
To enable the analysis of IE0 in the absence of IE1, an ie0
plasmid pAc-IE0M!Awas constructed with the internal start
Fig. 1. Time course analysis of IE0 and IE1 expression in AcMNPV-infected Sf9 cells. (A) Western blot analysis of IE0 and IE1. Sf9 cells were infected with
AcMNPVusing a MOI of 10 and samples were collected after 0, 2, 4, 8, 12, 24, and 48 h p.i. The positions of IE0 and IE1 are shown on the right along with the
molecular weight. (B) Relative levels of IE0 and IE1. IE0 and IE1 levels were measured by densitometry and compared at each time point (left Y axis). The
ratio of IE1/IE0 is shown by the line graph (right Y axis).
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translation of IE1 from the ie0 mRNA as demonstrated by
Western blots showing the expressed products from pAc-
IE1, pAc-IE0, and pAc-IE0M!A (Fig. 2D).
To determine if IE0 and IE0M!A are functional for the
activation of very late gene expression, transient assays
were performed. pAc-IE1, pAc-IE0, or pAc-IE0M!A was
cotransfected with the very late gene reporter plasmid
pVL941-CAT, cosmids 1, 10, 59, and plasmids containing
ie2, p35, and lef7 (Fig. 3A, columns 1, 3, and 5). These
results showed that both IE0 and IE0M!A activated very
late gene expression and higher levels were obtained than
with IE1. These results are therefore the first to show that
IE0 in the absence of IE1 expression is fully functional for
supporting transient very late gene expression and should
be considered a lef.
We noted that replacing cosmid 58 with the individual
plasmids for ie1, ie0, or ie0M!A, ie2, p35, and lef7 resulted
in very late gene expression levels that were approximately
40–75% of the levels using four cosmids to supply all the
lefs (Fig. 3A, lanes 1, 3, and 5). Therefore, to improve very
late gene expression levels for the analysis of IE1 and IE0,
cosmid58D was generated to replace the plasmid clones
containing p35 and lef7. Cosmid58D that has a 14 kb region
(orfs 136–152) deleted from cosmid 58, including exon0,ie1, and ie2, however retains p35 and lef7 (Fig. 2B). Using
cosmid58D, very late gene expression levels from the
polyhedrin promoter showed over 200% increase with IE1
and approximately 50% increase with IE0 and IE0M!A
(Fig. 3A, compare columns 1 and 2, 3 and 4, 5 and 6). In
addition, Western blot analysis indicates that using
cosmid58D also increases the expression levels of IE1,
IE0, and IE0M!A (Fig. 3B). Due to the higher level of
very late gene activation, all subsequent assays were per-
formed using cosmid58D.
The increased very late gene activation with cosmid58D
may be due to more precise regulation of lefs from cosmids
as compared to plasmid clones. Alternatively, there maybe
one or more ORFs located on cosmid58D that could
potentially be stimulatory for very late gene expression.
ORFs in addition to p35 and lef7 on cosmid58D include orfs
117–119, orf 121, orf 122, orf 124, orf 132, pk-2, chinitase,
v-cath, gp64, p24, gp16, pp34, alk-exo, and 94k (Fig. 2B).
Orf121 has been shown to stimulate expression from the ie1
promoter (Gong et al., 1998), which would be in agreement
with our Western blot results (Fig. 3B). However, Li et al.
(1999) suggested that this orf was not involved in transient
late gene expression. Additional experiments will be neces-
sary to determine why higher levels of very late gene
expression are obtained with cosmid58D.
Fig. 2. The 19 late expression factors (lef ) located on cosmids and plasmids used in the AcMNPV transient very late gene expression system. (A) Schematic
map of the AcMNPV genome showing the location of the cosmids 1, 10, 59, and cosmid 58 (Li et al., 1999) and 58D. The numbers above the diagrams are the
coordinates on the AcMNPV genome determined by sequence analysis (Ayres et al., 1994). The scale on the bottom shows the size in kilobases and the
locations of the homologous repeat (hr) regions. The position and nomenclature of the 19 lefs, identified as genes involved in transient late gene expression, are
indicated below the cosmid library. (B) Schematic map of the AcMNPV cosmid58D. The black arrows indicate the location of the ORFs in this cosmid. The
gray part of cosmid58D indicates the region with the ORFs deleted from cosmid 58. (C) Diagrams of the plasmid clones, pAc-IE1 (Theilmann and Stewart,
1991), pAc-IE0, and pAc-IE0M! A under control of the ie1 and ie0 promoters. (D) Western blot analysis of Sf 9 cells transfected with pAc-IE1, pAc-IE0, and
pAc-IE0M! A. Protein samples were dephosphorylated before Western blotting. IE0- and IE1-specific proteins were detected using a primary mouse
monoclonal antibody (IE1 4B7) specific for the N-terminus of IE1 (Ross and Guarino, 1997).
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levels of IE1, IE0, and IE0M!A
As shown in Fig. 1, the relative IE0 and IE1 expression
levels change during the course of AcMNPV infection. Itwas unknown if the varying levels of IE0 and IE1 expres-
sion would have differential affects on very late gene
activation. We therefore investigated the role of varying
IE0 and IE1 levels on the activation of very late gene
expression cotransfecting increasing amounts of pAc-IE1,
Fig. 3. Analysis and optimization of AcMNPV IE1, IE0, and IE0M!A activation of very late gene expression. (A) Activation of very late gene expression
using pAc-IE1, pAc-IE0, or pAc-IE0M!A. All transfections contained cosmids 1, 10, 59, pAc-IE2, and pVL941-CAT as the polyhedrin very late gene
reporter plasmid. In addition, cells were cotransfected with either p35 and lef7 plasmids (piep35 and pielef7) or cosmid58D. ‘‘+’’ or ‘‘’’ indicates the
presence or absence, respectively, of plasmids and cosmids. Positive control; Sf9 cells cotransfected with the four cosmids 1, 10, 58, and 59, expressing all
lefs including ie1 and ie0. Error bars represent the standard error. (B) Western blot analysis of expressed IE1, IE0, and IE0M!A proteins in the very late gene
expression assays.
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with 0.2 Ag cosmid 1, 10, 58D, 59, 0.1 Ag pAc-IE2, and 1.0
Ag pVL941-CAT (Fig. 4). Protein samples were analyzed
initially by Western blot to confirm the increasing levels of
IE0 and IE1 for each of the treatments (Fig. 4A). For all
samples, increasing amounts of pAc-IE1, pAc-IE0, or pAc-IE0M!A plasmid DNA resulted in increased IE1 or IE0
levels. Polyhedrin-CAT activation by IE1 showed maximum
levels with 0.5 Ag of plasmid and started to decline in
activation levels with 3 Ag of plasmid (Fig. 4B). Expression
from pAc-IE0 resulted in a significant increase in very late
gene expression levels up to 1.0 Ag of plasmid DNA
Fig. 4. Analysis of the effect of increasing levels of AcMNPV IE1, IE0, and IE0M!A on transient very late gene expression. (A) Western blot analysis of IE1,
IE0, or IE0M!A transient very late gene expression assays with increasing levels of pAc-IE1, pAc-IE0, and pAc-IE0M!A (0.1, 0.5, 1.0, 2.0, 3.0, and 4.0 Ag).
(B) Transient very late gene expression levels with increasing levels of pAc-IE1, pAc-IE0, or pAc-IE0M!A (0.1, 0.5, 1.0, 2.0, 3.0 and 4.0 Ag). The negative
control () does not contain pAc-IE1, pAc-IE0, or pAc-IE0M!A. (C) Comparison of transient very late gene expression relative to IE1, IE0, and IE0M!A
expression levels. The levels of IE1, IE0, and IE0M!Awere determined by densitometric analysis and normalized relative to IE1 levels in cells transfected with
1.0 Ag pAc-IE1 (X axis). (D) Western blot comparison of IE0 and IE1 expression levels in transient very late gene expression assays when pAc-IE1 (1.0 Ag),
and pAc-IE0M!A (1.0 Ag) was transfected individually or together. Protein samples were dephosphorylated before blotting.
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increased. Similarly, IE0M!A obtained maximum very late
gene activation levels with 1.0 Ag of plasmid DNA; however,
activation levels were lower than using IE0 or IE1. The
results of this transient assay show that if levels of IE1 and
IE0 reach too high a level, very late gene expression will
decrease.
To compare the relative abilities of IE0 and IE1 to activate
very late genes, the expression levels were analyzed byWestern blot, densitometrically measured, and normalized
relative to 1.0 Ag of IE1 (Fig. 4C). Analysis of the relative
activities of the proteins expressed from each plasmid con-
struct reveals different activation profiles for both IE0 and
IE1 (Fig. 4C). The results show that IE0M!A is most active at
very low protein levels, and very late expression levels
decline rapidly at relatively small increases in protein levels.
IE1 only reaches maximum activation at levels that are
inhibitory to IE0M!A. In addition, after maximum expression
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in only minimal decline in expression. Activation by IE0,
which produces both IE0 and IE1, appears to be an average
between the two proteins. Therefore, IE0 appears to be a
stronger activator at low concentrations, whereas IE1 requires
higher levels for maximum expression and is more active
over a wider range of densities.
Cotransfections were performed to determine if co-
expressing IE0 and IE1 in transient very late gene expression
assays affects the expression levels of both proteins (Fig. 4D).
IE0 and IE1 levels were compared in Sf9 cells co-transfected
with all lef factors and pAc-IE0M!A, or pAc-IE1, or both
pAc-IE1 and pAc- IE0M!A. The Western blots indicated that
both IE0 and IE1 levels increased upon cotransfection
showing that they did not inhibit each others expression.
Interaction between IE1 and IE0 and affection on very late
gene expression
IE0 and IE1 are co-expressed throughout the baculovirus
infection cycle with relative ratios of the two proteins
changing significantly (Fig. 1). To determine the affects of
varying ratios of IE1 and IE0 on very late gene expression,
we performed two sets of cotransfections changing the
relative levels of IE1 and IE0M!A. The very late gene
assays were performed using 0.05 and 0.5 Ag of pAc-IE1
cotransfected with 0.0, 0.05, 0.1, 0.5, 1.0, 2.0, 3.0, or 4.0 Ag
of pAc-IE0M!A. Very late gene expression was measured
for each combination and compared to cotransfections
containing only pAc-IE1 or pAc-IE0M!A.Fig. 5. Analysis of the effect of co-expression of IE1 and IE0M!A on the activation
0.5 Ag of pAc-IE1 and 0.05, 0.1, 0.5, 1.0, 2.0, 3.0, or 4.0 Ag pAc-IE0M!A. Each c
IE1 or pAc-IE0M!A alone. All transfections contained the remaining 18 lef gene
reporter plasmid used was the very late polyhedrin promoter reporter plasmid pVIn the assay using 0.05 Ag of pAc-IE1, two cotransfec-
tions with the two lowest amounts of IE0M!A (0.05 and 0.1
Ag) resulted in synergistic activation of very late gene
expression (Fig. 5A). The remaining combined transfections
reduced expression relative to pAc-IE0M!A alone, indicat-
ing that even at low levels of IE1, co-expression can be
antagonistic to IE0 activation of very late gene expression.
Cotransfections of 0.5 Ag pAc-IE1 (Fig. 5B) with all the
varying levels of pAc-IE0M!A resulted in a decrease in very
late gene expression relative to pAc-IE1 alone. Interestingly,
the lowest concentrations of pAc-IE0M!A (0.05 and 0.1Ag)
caused minimal activation of very late gene expression.
However, when cotransfected with 0.5 Ag of pAc-IE1, a
40% reduction in expression is observed relative to pAc-IE1
alone. These results indicate that at nearly all combinations
of ie1 and ie0M!A, there is a mutually antagonistic affect on
the activation of very late gene expression.Discussion
IE0 is the only baculovirus protein that is known to arise
from a spliced mRNA and differs from the transcription
factor IE1 by the addition of 54 amino acids to the IE1 N-
terminus (Chisholm and Henner, 1988). To date, the role of
IE0 in baculovirus infections has not been completely
defined. Previous studies have however shown that IE0
has different properties, which includes its ability to trans-
activate early genes and also to alter host range (Kovacs et
al., 1991b; Lu et al., 2003; Theilmann et al., 2001). In theof very late gene expression. Sf9 cells cotransfected with (A) 0.05 Ag or (B)
otransfection was compared to very late expression activated by either pAc-
s provided by cosmids 1, 10, 58D, and 59 and the plasmid pAc-IE2. The
L941-CAT.
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interactions with IE1 in the activation of baculovirus very
late gene expression. Western blot analysis of IE1 and IE0 in
AcMNPV-infected cells revealed that the relative levels of
the two proteins change dramatically throughout infection
(Fig. 1). IE0 is expressed at a higher level than IE1 during
very early times p.i., but showed lower levels than IE1 from
the onset of DNA replication to very late times p.i. Using
transient very late gene assays with a polyhedrin promoter
reporter plasmid, we have demonstrated that ie0 is able to
replace ie1, which is essential for the activation of late gene
expression. Nineteen AcMNPV genes have been previously
identified as lefs (Li et al., 1999; Rapp et al., 1998; Todd et
al., 1995), and based on the results of this study, IE0 should
be considered the 20th AcMNPV lef gene.
Maximum activation of very late gene expression oc-
curred at significantly lower levels of IE0 in comparison to
IE1. However, IE1 was able to activate very late gene
expression to a greater maximum than IE0, but higher levels
of expression were required. For both proteins, if the levels
became too high, very late gene expression decreased but
the decline in activation by IE1 occurred over a much wider
range of protein levels than observed with IE0 (Figs. 4B, C).
In contrast to results by Kovacs et al. (1991b), co-expression
of both IE0 and IE1 resulted in upregulation of both proteins
(Fig. 4D). Polyhedrin is a late promoter that becomes hyper-
expressed at very late times p.i. It is possible that other
promoters that are not hyper-expressed, such as vp39 or
p6.9, may be activated differently by IE0 and IE1.
As described above, the ratio of IE0 to IE1 varies
throughout AcMNPV infection. The effect of these ratios
on the activation of very late gene expression was studied
using a transient assay by expressing different levels of IE1
or IE0M!A. In the majority of assays, co-expression of IE1
and IE0M!A resulted in lower levels of very late gene
activation than was obtained using either IE1 or IE0 alone
(Figs. 5A, B). These results suggest that IE0 and IE1 are
noncooperative or antagonistic for the activation of very late
gene expression. Possibly, very high IE0 and IE1 levels may
saturate specific promoters and cause downregulation,
which result in an antagonistic affect similar to the squelch-
ing affect described by Ptashne and Gann (1990). Our
transactivation analysis, however, would predict that max-
imal very late gene expression in infected cells would be
achieved by having low IE0 levels and high levels of IE1.
This is in agreement with the conditions that exist in
infected cells at very late times p.i. when there are peak
levels of very late gene expression (Blissard and Rohrmann,
1990). Our Western blot analysis showed that at 48 h p.i.
IE1 levels are 12 times higher than IE0, which is at its
minimum level (Fig. 1). However, in infected cells, as
apposed to transient assays, the relative affects of IE0 and
IE1 may be different to what we have observed.
A study by Kremer and Knebel-Morsdorf (1998)
reported that IE1 and IE0 formed homodimers and hetero-
dimers when bound to hr elements. Thus, the variable levelssuggest that the relative proportion of IE0 and IE1 homo-
dimers and IE0–IE1 heterodimers would change during the
course of infection. The changing ratios could be a potential
global regulatory mechanism that affects the patterns of
viral gene expression and viral DNA replication during
infection. The formation of heterodimers between related
transcription factors that result in complexes with modified
regulatory functions has been observed in several other
eukaryotic systems. These include the interferon regulatory
factor and Nuclear Factor-kappa B families (Barnes et al.,
2003; Verma et al., 1995).
The inhibitory affect of IE0 on IE1 during very late gene
expression and the higher levels of IE0 relative to IE1
before viral DNA replication would suggest that the primary
role of IE0 is during early times p.i. In support of this data is
the analysis of OpMNPV IE0, which was shown to prefer-
entially activate two early promoters (gp64 and ie1) (Theil-
mann et al., 2001). Recent results by Lu et al. (2003)
showed that a reduction in IE0 levels permitted AcMNPV
replication in SL2 cells. We could speculate that the decline
of IE0 in SL2 cells reduces the antagonistic affects on IE1
gene function permitting increased very late gene expres-
sion. IE0 therefore appears to be playing a pivotal role in the
baculovirus infection cycle and further studies will be
necessary to define the additional roles of this protein and
the function of the 54 additional N-terminal amino acids in
IE0 relative to IE1.Materials and methods
Cells and virus
AcMNPV-WT virus (strain E2) was propagated in Spo-
doptera frugiperda (Sf9) cells and maintained in TC100
medium (Invitrogen) as previously described (Summers and
Smith, 1978). For the time course analysis, Sf9 cells were
infected with the AcMNPV-E2 strain using a multiplicity of
infection (MOI) of 10. Viral titers were determined by end
point dilution (Summers and Smith, 1978).
Cosmid and plasmid constructs
The 19 AcMNPV lef genes required for transient late
gene expression in Sf9 cells are comprised by cosmids 1,
10, 58, and 59 (Figs. 2A, B) (Li et al., 1999). Cosmid58D
was constructed by deleting a 14 Kb AgeI fragment from
cosmid 58, which removed exon0, ie1, and ie2, but retained
p35 and lef7 (Fig. 2B). Plasmid clones containing ie2 (pAc-
IE2), ie1 (pAc-IE1), lef7 (pielef7), and p35 (piep35) have
been previously described (Li et al., 1999; Theilmann and
Stewart, 1991). The plasmid pAc-IE0 (Fig. 2C) expressing
AcMNPV ie0 under the control of the ie0 promoter was
constructed by PCR amplification of the ie0 ORF and
OpMNPV ie2 polyadenylation signal from p2Zop2EIE0/
IE1 using the primers p288 (5V-CTCATGCGCGTGAC-
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AATACGGAGCTCCA-5V). This insert was cloned as a
HindIII–SstI fragment into pBS+, generating the plasmid
pBS-IE0. The ie0 promoter (365 bp) was PCR amplified
using AcMNPV genomic DNA as template with the primers
p335 (5V-CGAAAGCTTGGCAGGCGCTGGCAAAGATT-
3V) and p336 (3V-GTAATTGATAACGGGCAACGAAG-
CTTGAT-5V). The ie0 promoter was inserted as a HindIII
fragment into pBS-IE0 resulting in pAc-IE0. pAc-IE0 tran-
scribes ie0 mRNA that is translated as both IE0 and IE1
(Figs. 2C, D). A second ie0 plasmid, pAc-IE0M!A, was
constructed, which expresses ie0, but only translates IE0
due to the mutation of the second ATG codon to GCG (Figs.
2C, D). The ie0 M!A ORF containing the OpMNPV ie2
polyadenylation signal was synthesized by PCR using the
primers p288 and p338 and template p2Zop2EIE0/
IE1(2jATG-), which has the second ATG of the ie0 ORF
substituted for GCG by site-directed mutagenesis. The
amplified product was cloned as a HindIII–SstI fragment
into pBS+, generating pBS-IE0M!A. The ie0 promoter was
inserted as a HindIII fragment into pBS-IE0M!A, resulting
in pAc-IE0M!A. The reporter plasmid, pVL941-CAT
(Luckow and Summers, 1989), contains the chlorampheni-
col acetyltransferase (CAT) ORF under control of the
polyhedrin promoter.
Transfections
The very late gene expression assay used in this study
has been previously described by Li et al. (1999). Sf9 cells
(106/well) were seeded onto six-well culture plates and
incubated at 27 jC 16–24 h before transfection. The
liposomes, required for transfection of plasmid and cosmid
DNA into cells, were prepared as previously described
(Campbell, 1995). Transfection efficiency was optimized
using plasmid DNA, constitutively expressing the green
fluorescent protein (GFP).
Two transient very late gene expression assays were used
in this study; the first assay consisted of 0.2 Ag of cosmid 1,
10, and 59, 1.0 Ag pVL941-CAT, 0.1 Ag of the plasmid
clones pAc-IE2, pielef7, piep35, and 1.0 Ag pAc-IE1, pAc-
IE0, or pAc-IE0M!A cotransfected into Sf9 cells (106/well)
(Fig. 2A). This very late gene expression assay was modified
by substituting cosmid58D for pielef7 and piep35, resulting
in the basic set of 18 lef genes consisting of 0.2 Ag of cosmid
1, 10, 58D, 59, 0.1 Ag pAc-IE2, and 1.0 Ag pVL941-CAT
cotransfected with 1.0 Ag pAc-IE1, pAc-IE0, or pAc-
IE0M!A. To determine the affect of increasing amounts of
IE1, IE0, or IE0M!A on very late gene expression, the basic
set of 18 lef genes were cotransfected with various amounts
(0.1, 0.5, 1.0, 2.0, 3.0, or 4.0 Ag) of pAc-IE1, pAc-IE0, or
pAc-IE0M!A (Fig. 2C). To study the effects of co-expression
of IE1 and IE0M!A in very late gene expression, 0.05 or 0.5
Ag of pAc-IE1 were cotransfected with 0.1, 0.5, 1.0, 2.0, 3.0,
or 4.0 Ag of pAc-IE0M!A and the basic set of cosmids and
plasmids. In all experiments, the total amount of DNA pertransfection was equalized with pBS+. The positive control
for all experiments consisted of 0.2 Ag cosmid 1, 10, 58, 59,
and 1.0 Ag pVL941-CAT; the negative control was com-
prised of the basic set of cosmids and plasmids, containing
the 18 lef genes, excluding the plasmid clones pAc-IE1, pAc-
IE0, or pAc-IE0M!A.
CAT assay
In transient very late gene expression experiments, all
CAT samples were analyzed in duplicate. The CAT assay is
based on the method described by Neumann et al. (1987).
Briefly, the transfected cells were harvested after 48-h post-
transfection, transferred into an eppendorf tube, and pelleted
for 2 min at 10600  g. The supernatant was discarded and
the pellet was resuspended in 100 Al 0.25 mM Tris–HCl
(pH 7.8). To lyse the cells, each sample was freeze-thawed
(respectively, at 80 and 37 jC) 3 times for 5 min, and
transferred to a 65 jC water bath for 15 min to inactivate
cellular deacetlyases. Cell debris was pelleted and the
supernatant was used for diffusion CAT-assay with 3H-
Acetyl-CoA. The cell extract was added to a cocktail
containing 9 mM chloramphenicol, 60 mM Tris–HCl (pH
7.8), 188 AM acetyl-coenzyme A (Sigma), 0.025 ACi
[3H]acetyl-coenzyme A (New England Nuclear, CAT Assay
Grade), and dH2O up to a total volume of 85 Al. Each
sample was overlaid with 3 ml of toluene-based scintillation
fluor (Econofluor-2; Packard BioScience Co.) and the
enzymatic reaction was measured by the scintillilation
counter (Beckman; LS 6500). CAT expression was titered
to determine the appropriate quantity of cell extract for a
linear response in the assay.
Western blots
For Western blot analysis, transfected cells were har-
vested at 48-h post-transfection, collected in an eppendorf
tube, and pelleted for 5 min at 1300  g. The supernatant
was removed and the cells were washed gently with 1 ml of
1 Tris-buffered saline (TBS) and centrifuged for 5 min at
1300  g. This procedure was repeated twice and the cell
pellet was resuspended in 100 Al phosphatase inhibitor
buffer (Slack and Blissard, 1997). Cells of each sample
were freeze-thawed (respectively, at 80 and 37 jC) 3
times, followed by shearing of cellular DNA with a 10 cc
syringe. In some cotransfection experiments, protein sam-
ples were dephosphorylated before Western blot analysis.
Cells were resuspended in 0.1% SDS–2.5 mM dithiothrei-
tol to an appropriate volume of protein sample and over-
layed with mineral oil. The samples were heated to 95 jC
for 5 min, cooled to 4 jC followed by addition of 20 units
calf intestinal phosphatase (CIP; Biolabs, New England),
and incubated overnight at 37 jC. Protein samples were
separated by denaturing SDS polyacrylamide gel electro-
phoresis (SDS-PAGE) (Laemmli, 1970) and transferred
onto Immobilon-P polyvinylidene difluoride membranes
I. Huijskens et al. / Virology 323 (2004) 120–130 129(Millipore) using a mini-blotter (Biorad) according to the
manufacturers’ recommended protocol. The blots were
initially incubated for 1 h with 5% blotto–0.02% tween
followed by an incubation with 5% blotto–0.02% tween
and a 1:4000–10000 dilution of primary antibody, mouse
monoclonal IE1 4B7 (Ross and Guarino, 1997). Bound IE1
antibody was detected by a 1:10000–20000 dilution of the
secondary antibody, goat anti-mouse horseradish peroxi-
dase (Jackson Laboratories). Proteins were detected using
the ECL substrate chemiluminescence (Amersham Bio-
Sciences) and transferred on high-performance chemilumi-
nescence film (Amersham BioSciences). Protein densities
were scanned and quantified using ImageQuant software
(Molecular Dynamics Inc.). The relative protein density
measurements were normalized to levels of IE1 expressed
in Sf9 cells transfected with 1 Ag pAc-IE1, which was
included on each Western blot.Acknowledgments
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